Distinct cytoplasmic dynein complexes are transported by different mechanisms in axons  by Susalka, S.J. et al.
Review
Distinct cytoplasmic dynein complexes are transported by di¡erent
mechanisms in axons
S.J. Susalka a, W.O. Hancock b, K.K. P¢ster a;*
a Department of Cell Biology, Box 439, School of Medicine, University of Virginia, Charlottesville, VA 22908, USA
b Department of Physiology and Biophysics, University of Washington, Seattle, WA 98195, USA
Abstract
In neurons, cytoplasmic dynein is synthesized in the cell body, but its function is to move cargo from the axon back to the
cell body. Dynein must therefore be delivered to the axon and its motor activity must be regulated during axonal transport.
Cytoplasmic dynein is a large protein complex composed of a number of different subunits. The dynein heavy chains contain
the motor domains and the intermediate chains are involved in binding the complex to cargo. Five different intermediate
chain polypeptides, which are the result of the alternative splicing of the two intermediate chain genes, have been identified.
We have characterized two distinct pools of dynein that are transported from the cell body along the axon by different
mechanisms. One pool, which contains the ubiquitous intermediate chain, is associated with the membranous organelles
transported by kinesin in the fast transport component. The other pool, which contains the other developmentally regulated
intermediate chains, is transported in slow component b. The mechanism of dynein regulation will therefore depend on which
pool of dynein is recruited to function as the retrograde motor. In addition, the properties of the large pool of dynein
associated with actin in slow component b are consistent with the hypothesis that this dynein may be the motor for
microtubule transport in the axon. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Microtubules and microtubule-based motor pro-
teins are important components in the intracellular
transport of membranous organelles and other car-
go. Organelles in the exocytic and endocytic path-
ways make use of microtubule tracks that extend
throughout the cell. In addition, the anterograde
and retrograde transport of organelles along the neu-
ronal axon is also dependent on microtubules [1^3].
Each microtubule is composed of thirteen proto¢la-
ments; each of the proto¢laments is composed of
heterodimers of K- and L-tubulin. The speci¢c orien-
tation of the dimers gives the microtubule an inher-
ent polarity. This results in the microtubule having a
minus-end and a plus-end. Di¡erent motor proteins
recognize this polarity and deliver cargo to either the
plus-end or the minus-end of the microtubule [1,4,5].
There are two groups of microtubule-based mo-
tors: the kinesins and the dyneins. The kinesin family
is currently divided into ten major subfamilies and
more than 30 individual kinesin family members
have been identi¢ed in a single species [5,6]. The
ubiquitous conventional kinesin (KHC) family was
the ¢rst member to be identi¢ed [1,4]. It is a hetero-
tetramer made up of two heavy chains and two light
chains [7]. The heavy chain consists of an N-terminal
head, stalk and C-terminal tail. The V40 kDa head
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contains the motor domain, which binds microtu-
bules and hydrolyzes ATP. The light chains are lo-
cated at the tail of the molecule. The other members
of the kinesin family have similar motor domains,
but the rest of the heavy chain and the other struc-
tural elements of the molecules are variable. Most
kinesin family members move toward the plus-ends
of microtubules; however, the C-terminal motor do-
main subfamily moves to the minus-ends of micro-
tubules [5].
In contrast, there are two major types of dyneins:
£agellar and cytoplasmic. All dyneins move to the
minus-ends of microtubules and are large protein
complexes with 1^3 heavy chains (s 450 kDa) and
various intermediate chain and light chain subunits
[8,9]. The motor domain of the heavy chain is V350
kDa. Flagellar dyneins are located in the axonemes
of cilia and £agella. These dyneins bind to the A
¢ber of the outer doublet microtubules as the inner
and outer arms. Flagellar dyneins generate sliding
forces between adjacent outer doublet microtubules
which is converted into bending waves by the other
structures of the axoneme. The various inner and
outer dynein arms are composed of V14 £agellar
dynein heavy chains and associated intermediate
and light chains [10,11].
Only two cytoplasmic dynein heavy chains have
been identi¢ed [10,11]. One cytoplasmic dynein is
found in virtually all eukaryotic cells and is the ma-
jor minus-end-directed microtubule motor protein. A
second minor cytoplasmic dynein is found in £agel-
lated cells and is believed to be responsible for move-
ment of material in the cytoplasmic space between
the axoneme and the £agellar membrane [12,13]. The
major cytoplasmic dynein moves a number of di¡er-
ent cargoes along microtubules including kineto-
chores, endosomes, lysosomes, and viruses [2,14^16]
[70]. Recently, this cytoplasmic dynein has also been
implicated in a number of other functions including
the perinuclear positioning of the Golgi apparatus
and lysosomes, the assembly and orientation of mi-
totic spindles, and the transport of microtubules [17^
21].
Microtubule-based transport is particularly impor-
tant for neurons. Neurons can extend axons up to
several meters in length, yet all axonal proteins are
synthesized in the cell body and must be transported
to the axon and its terminal growth cone or synap-
ses. In addition, neurotrophic factors which are en-
docytosed at the synapse must be delivered to the
nucleus. In axons, the microtubule minus-ends are
proximal to the cell body, and the plus-ends are lo-
cated distally in the axon. Kinesin moves newly syn-
thesized exocytic organelles from the cell body down
the axon, the anterograde direction, while cytoplas-
mic dynein moves endocytic organelles from the
axon back to the cell body, the retrograde direction.
Since cytoplasmic dynein is synthesized near the nu-
cleus it must be transported from the cell body to the
distal portions of the axon. Cytoplasmic dynein must
also be regulated to prevent it from prematurely
moving cargo from the axon to the cell body. We
will describe the two methods the neuron uses for
the anterograde transport of cytoplasmic dynein.
The implications of this data for cytoplasmic dynein
function and regulation will be discussed.
2. Cytoplasmic dynein
The major cytoplasmic dynein is a macromolecular
complex of about 1.2 MDa (Fig. 1) which is com-
posed of several di¡erent subunits whose molecular
masses ranging from 8 to 530 kDa. Mammalian
brain cytoplasmic dynein contains two identical
heavy chains of V530 kDa (DHC1a). The heavy
chains bind cytoplasmic dynein to the microtubule
and hydrolyze ATP, generating the force to move
the complex along the microtubule [4,22]. There are
two 74 kDa intermediate chains (IC74) per dynein
complex. The intermediate chains are located at the
base of the complex and are essential for cargo bind-
ing [23^25]. There are also four light intermediate
chains per complex, ranging between 53 and 59
kDa; these are the products of two genes in verte-
brates [26,27]. Finally, there are a number of light
chains with molecular masses between 10^13 kDa.
Interestingly, the 10 kDa light chain is also a subunit
of £agellar dynein known as LC8 [28]. This light
chain is also a subunit of myosin V, and it has
been reported to inhibit the neuronal form of nitric
oxide synthase and to interact with other proteins
[29^32]. This suggests that the 10 kDa light chain
may be important for several diverse proteins, mak-
ing it a candidate member of the class of ‘moonlight-
ing proteins’, polypeptides which are components of
BBAMCR 14600 7-3-00 Cyaan Magenta Geel Zwart
S.J. Susalka et al. / Biochimica et Biophysica Acta 1496 (2000) 76^88 77
di¡erent protein complexes [33]. Two multi-gene
light chain families have been identi¢ed in cytoplas-
mic dynein, one family is de¢ned by the Tctex1 pro-
tein and the second family is de¢ned by the road-
block protein [34,35].
The existence of multiple genes for the intermedi-
ate chains, light intermediate chains, and light chains
means that there are di¡erent populations of the ma-
jor cytoplasmic dynein in cells. While the functional
importance of this variability remains to be deter-
mined, a working hypothesis is that it has a role in
dynein function, such as cargo binding or in dynein
regulation. We have identi¢ed two di¡erent popula-
tions of dynein in the axon that are distinguished by
their intermediate chains and light intermediate
chains and are transported by di¡erent mechanisms
in the anterograde direction in axons [36]. Thus,
when dynein is itself a cargo, there is a correlation
between how it is transported in the axon and which
intermediate chain and light intermediate chain sub-
units it contains. To explore the signi¢cance of the
di¡erent dynein subunits and the role(s) of the di¡er-
ent populations of dynein, this review will focus on
the more extensively studied intermediate chain sub-
units.
3. Cytoplasmic dynein intermediate chain
The cytoplasmic dynein intermediate chains are
closely related to those found in £agellar outer arm
dynein [37,38]. There are two mammalian intermedi-
ate chain genes, which exhibit 76% identity [23]. Each
gene has two alternative splice sites located in similar
positions at the N-terminal of the protein (Fig. 2).
To date, two alternatively spliced mRNAs from
Gene 1 (1A and 1B) have been characterized, and
three di¡erent mRNAs have been identi¢ed from
Gene 2 (2A, 2B, and 2C). This produces ¢ve distinct
intermediate chain polypeptides. Only one intermedi-
ate chain gene has been identi¢ed in nematodes, Dro-
sophila, and several fungal species. However, in
Drosophila, extensive alternative splicing produces
ten di¡erent intermediate chain mRNAs [39]. A re-
verse transcriptase^polymerase chain reaction (RT^
PCR) assay has been developed to analyze the ex-
pression of the alternatively spliced mammalian
mRNAs [40].
Since the intermediate chain isoforms have similar
molecular masses, one-dimensional sodium dodecyl
sulfate^polyacrylamide gel electrophoresis (SDS^
PAGE) gels cannot resolve all the di¡erent inter-
Fig. 1. Cytoplasmic dynein composition and structure. (Right) Subunit composition of cytoplasmic dynein. The polypeptides of cyto-
plasmic dynein puri¢ed by immunoprecipitation from rat brain are resolved on a 4^16% acrylamide gradient gel. The subunit types
are indicated on the left, the approximate molecular masses of the polypeptides are on the right in kDa. HC, heavy chain; IC, inter-
mediate chain; LIC, light intermediate chains; LC, light chains. (Left) A model for the position of the subunits in the cytoplasmic dy-
nein structure. The 10 kDa light chain is known to dimerize; the precise number of the other two light chains per dynein complex re-
mains to be determined.
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mediate chains. However, by using a two-dimension-
al (2D) gel electrophoresis assay, which separates
proteins by both isoelectric point and apparent mo-
lecular mass, the di¡erent intermediate chain iso-
forms can be resolved [41] (Fig. 2). Adult brain cy-
toplasmic dynein has the most complex intermediate
chain 2D gel spot pattern. In conjunction with the
RT^PCR analyses it was found that brain tissue con-
tains all of the intermediate chain polypeptides and
mRNAs. When cytoplasmic dynein is puri¢ed from
rat brain by immunoa⁄nity methods and analyzed
by 2D gel electrophoresis, two distinct arcs in the 74
kDa region of the gel are seen. The ¢rst, more acidic,
arc is composed of the Gene 1 isoforms. The second,
more basic, arc is composed of the Gene 2 isoforms.
Comparative analyses of the cell and tissue distribu-
tion of the intermediate chains correlated each of the
2D gel spots to a particular mRNA product. Addi-
tional analyses, utilizing metabolic labeling with 32P,
and treatment of puri¢ed dynein with phosphatase,
demonstrated that most of the intermediate chain
proteins have phospho-isoforms. Thus at least nine
di¡erent intermediate chain isoforms have been iden-
ti¢ed [42].
In addition to the region of alternative splicing, a
portion of the N-terminus of the intermediate chain
polypeptide is predicted to form a coiled-coil region
that is thought to be involved in dimerization of the
intermediate chains. There is also a serine-rich region
located between the alternative splicing sites which
contains several consensus phosphorylation sites
[37]. The C-terminal of the molecule contains six
WD repeat regions [38]. These regions form beta
propeller structures and may be involved in pro-
tein^protein interactions important for the structure
of the dynein complex [43,44].
4. Cell- and tissue-speci¢c expression of intermediate
chains
Since the intermediate chains are involved in bind-
ing the cytoplasmic dynein complex to cargo, one
possible role for the di¡erent intermediate chains
would be to specify the cargo. For example, one
polypeptide could bind mitochondria, another endo-
somes. Although this is not the case, the di¡erent
intermediate chain subunits do show cell- and tis-
sue-speci¢c expression. Northern blot analysis found
Gene 2 mRNA in all tissues sampled, but Gene 1
mRNA was found only in brain and testis [23]. Uti-
lizing the RT^PCR assay we found that one inter-
mediate chain polypeptide, IC74-2C (the product of
Gene 2 alternative splice variant C) is found in all
Fig. 2. Alternative splicing of the cytoplasmic dynein intermediate chain genes and resolution of intermediate chain polypeptides by
two-dimensional (2D) gel electrophoresis. (A) Outline of the intermediate chain genes showing the approximate position of the alterna-
tive splicing found in rat brain. (B) Summary of the 2D gel analysis of intermediate chain polypeptides. The panel is a drawing of the
spot pattern observed when dynein from rat brain is analyzed by 2D gel electrophoresis and it shows the position of each of the prod-
ucts of the ¢ve alternatively spliced mRNAs (IC74-1A, IC74-1B, IC74-2A, IC74-2B, and IC74-2C) and their phospho-isoforms on the
2D gel; *P denotes a phosphorylated isoform. The mRNA and protein from gene 1 are in yellow; those from gene 2 are in pink.
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tissues and all cultured cell lines [40,42]. In some
tissues and cultured cell lines, such as glia, IC74-2C
is the only intermediate chain expressed. Since the 2C
polypeptide alone is su⁄cient for a glial cell to sur-
vive and function in culture, it must bind the various
cargoes necessary for the maintenance or ‘housekeep-
ing’ functions of the cell. This ubiquitous intermedi-
ate chain is thus su⁄cient for constitutive membra-
nous organelle and other dynein driven intracellular
motility. Neurons, in contrast, express all ¢ve of the
intermediate chain polypeptides. Generally, cells and
tissues express only two or three of the intermediate
chain polypeptides. The IC74-2B isoform is fairly
common, while the IC74-1B isoform is found only
in testis and some cultured cell lines, and the IC74-
1A and -2A isoforms are neuron-speci¢c. This sug-
gests that some intermediate chains may be impor-
tant for a particular function or regulation in more
specialized cell types. In neurons, for example, the
additional intermediate chain polypeptides might be
required for the long-distance axonal transport of
material such as growth factors.
5. Developmental regulation of intermediate chain
expression
Further evidence suggesting that the intermediate
chain isoforms perform di¡erent functions comes
from the ¢nding that the expression of di¡erent in-
termediate chain proteins is regulated during rat
brain development (Fig. 3) [42]. On embryonic day
13 (E13), the only mRNA and protein detected is
that of the ubiquitous intermediate chain, IC74-2C.
Within a few days of embryonic development the
alternative splicing of Gene 2 changes and both
Gene 1 mRNAs are transcribed. The IC74-2A
mRNA is not detected until 20 days postnatally
(P20). The various intermediate chain polypeptides
are found in brain tissue a few days after their
mRNAs are ¢rst detected. However, the intermediate
chain 2D gel spot pattern does not match that of an
adult until VP5. The period from VE13 to P5 is
one of major process extension and pattern forma-
tion in the rat brain, suggesting that the developmen-
tally regulated intermediate chain polypeptides have
Fig. 3. Regulation of the expression of intermediate chain mRNA and protein during development of the rat brain. The middle gray
bar is a time line; 0 is the day of birth, the time frame extends from the 13th day of embryonic development (on the left) to postnatal
day 26 (on the right). The top set of polygonal bars shows the ¢rst day a given mRNA is found and the shape of the bars represents
semi-quantitative estimates of the amounts of mRNA observed on the indicated day (relative to that observed in adult brain). IC74-
2A mRNA is not seen until approx. postnatal day 20. The bottom set of polygonal bars shows the ¢rst day a given intermediate
chain polypeptide is found and the shape of the bars represents semi-quantitative estimates of the amounts of protein observed on the
indicated day (relative to that observed in adult brain). The mRNA and protein from gene 1 are in yellow; those from gene 2 are in
pink.
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speci¢c roles in axons. The regulation of the expres-
sion of the dynein intermediate chains in the rat
pheochromocytoma, PC12, cell line is consistent
with this hypothesis (in preparation). When cultured
in the absence of nerve growth factor, NGF, PC12
cells are small round cells that express primarily the
IC74-2C intermediate chain. When NGF is added to
the culture medium, the cells extend long axon-like
processes and the other intermediate chain mRNAs
and protein are expressed.
6. Anterograde transport of cytoplasmic dynein
Axonal transport refers to the movement of mate-
rial in an axon. Axonal transport is made up of
di¡erent components that are classi¢ed by their di-
rection (anterograde or retrograde) and speed (fast
or slow) [45]. There is only one known type of retro-
grade transport (towards the cell body) and multiple
types of anterograde transport (towards the axon
tip). The sole component of retrograde transport,
powered by cytoplasmic dynein, is the fast compo-
nent which moves at about 200 mm/day (V1 Wm/s).
The fast components utilize the kinesin and dynein
motor proteins to move cargo along microtubules.
Fast retrograde transport utilizes cytoplasmic dynein
to move endocytic vesicles, viruses and growth fac-
tor/receptor complexes back to the cell body. The
fast component of anterograde transport moves
membrane-bound organelles including mitochondria,
Golgi derived vesicles, and synaptic vesicles. This fast
anterograde transport, powered by the kinesin fam-
ily, delivers small membrane-bound organelles to the
axon tip at around 200 mm/day (V2 Wm/s). There
are also two slow anterograde transport components
that move cytoskeletal elements and other proteins.
The mechanisms for the movement of these compo-
nents are currently unknown. Tubulin and neuro¢la-
ments are transported anterogradely in slow compo-
nent ‘a’ at a rate of about 1 mm/day (V0.01 Wm/s).
Actin and all the remaining proteins are delivered by
slow component ‘b’ at about 10 mm/day (V0.1 Wm/
s). The proteins in each of these slow components are
crucial for axon growth, extension, and regeneration.
Cytoplasmic dynein is produced in the cell body,
and it moves cargo in the retrograde direction (from
the axon toward the cell body). However, cytoplas-
mic dynein must ¢rst be transported to the axon tip.
An immunocytochemical analysis utilizing ligated
mouse saphenous nerves found that dynein was as-
sociated with membrane-bound organelles trans-
ported in the anterograde direction as well as organ-
elles moving in the retrograde direction [46]. This
demonstrated that the kinesin family, the motor for
anterograde membrane-bound organelles, move at
least some dynein in the anterograde direction. To
characterize the anterograde axonal transport of cy-
toplasmic dynein by sampling the contents of all
three anterograde transport components, a biochem-
ical analysis was undertaken utilizing the rat optic
nerve and a [35S]methionine pulse-chase assay. We
found that V90% of the cytoplasmic dynein was
transported by slow component b while only
V10% was transported by fast component [20,36].
No cytoplasmic dynein was detected in slow compo-
nent a. The neuron therefore uses two di¡erent
mechanisms to transport cytoplasmic dynein in the
axon.
The dyneins transported in both fast component
and slow component b are holoenzymes, composed
of the HC1a heavy chain and the other subunits:
intermediate chains, light intermediate chains, and
light chains. However, there are di¡erent intermedi-
ate chain and light intermediate chain polypeptides
in the dynein complexes from these two anterograde
transport components [36]. Two-dimensional gel
analysis demonstrates that fast component delivers
only the cytoplasmic dynein complexes containing
the IC74-2C intermediate chain polypeptide, whereas
dyneins containing all the other intermediate chain
complexes were found to be transported in slow com-
ponent b (Fig. 4). Therefore di¡erent populations of
cytoplasmic dynein are moved along axons in the
anterograde direction by di¡erent mechanisms (Fig.
5). Some dynein, in association with membranous
organelles, is moved along microtubules by kinesin.
The rest of the dynein is transported in association
with the actin transport component, slow component
b. Although the mechanism of movement of slow
component b is unknown, one possibility is that a
myosin family member anchored in the axon mem-
brane provides the motive force to move actin ¢la-
ments and the proteins associated with actin [47,48].
Although cytoplasmic dynein is transported in
slow component b, the actin-based transport com-
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partment, the mechanism by which dynein associates
with an actin-based network is not understood. One
possibility is that the dynein associated protein, dy-
nactin, links cytoplasmic dynein to the actin net-
work. Dynactin has been shown to be important
for dynein binding to kinetochores, spindle poles,
and membranous organelles [18,49^51]. Dynactin is
also a large complex with many subunits [52,53]. The
dynactin p150Glued subunit binds the dynein inter-
mediate chain. Two p150Glued molecules project
from a short ¢lament polymer of the actin related
protein 1 (Arp1) subunit. Arp1 has binding sites
for several actin-binding proteins, including capping
protein, myosin, and spectrin [54,55]. Dynactin is
also transported in both fast component and slow
component b. It has long been known that spectrin
is transported in slow component b [56]. Therefore
dynactin could be linked into the cortical network of
actin and spectrin, and link dynein to the actin trans-
port complex.
7. Recruitment of anterograde cytoplasmic dynein for
function as the retrograde motor
While two di¡erent populations of cytoplasmic dy-
nein are transported by two di¡erent mechanisms,
fast component and slow component b, along the
length of the axon, the composition of the retrograde
dynein motor remains to be determined. However,
the characterization of the di¡erent pools of dynein
raises several interesting possibilities about the com-
position of the retrograde motor and dynein regula-
tion. Anterograde fast component consists of mem-
brane-bound organelles and their associated proteins,
which are transported by members of the kinesin
family [57^59]. Presumably the dynein delivered in
this component is riding ‘piggy-back’ on the organ-
elles (Fig. 5). This is consistent with several reports
that dynein and kinesin are present on the same or-
ganelles [60^65]. Dynein delivered in anterograde fast
component contains the IC74-2C polypeptide. Since
IC74-2C is the only intermediate chain found in
some cells, dynein which contains this intermediate
chain must be the motor for organelle movement
toward microtubule minus-ends. It therefore seems
likely that dynein from anterograde fast component
(motor FC) is recruited to become the motor for
retrograde axonal transport.
Since most (V90%) of the cytoplasmic dynein in
the axon is found in slow component b, it is tempting
to assume that dynein recruited from this component
will provide most of the motor activity for retrograde
transport. However, that speculation does not take
Fig. 4. Intermediate chain gene products associated with fast component and slow component b. (Model) Diagram showing assign-
ment of intermediate chain isoforms to the spot pattern observed when all dynein from adult rat brain is analyzed by 2D gel electro-
phoresis. The di¡erent gene products (IC74-1A, IC74-1B, IC74-2A, IC74-2B, IC74-2C) are indicated inside the spots. The *P designa-
tion indicates spots which contain phospho-isoforms. (Fast Component) Drawing of the intermediate chain region of a 2D gel
analysis of cytoplasmic dynein immunoprecipitated from the anterograde fast component of rat optic nerve. The color-¢lled circles
identify the IC74-2C and phospho-IC74-2C found in this transport component. The gray circles indicate isoforms either not present
or present in very reduced amounts. (Slow Component b) Drawing of the intermediate chain region of a 2D gel analysis of cytoplas-
mic dynein immunoprecipitated from slow component b. The color-¢lled circles identify the gene products and phospho-isoforms
present in slow component b. The gray circles indicate isoforms either not present or present in very reduced amounts. The mRNA
and protein from gene 1 are in yellow; those from gene 2 are in pink.
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into account the anterograde transport speed of the
two pools of dynein. Although V90% of the newly
synthesized dynein is being moved in slow compo-
nent b, the V10% of dynein that is in fast compo-
nent is moving about 200 times faster than the dy-
nein in slow component b. One estimate of the
relative contribution of the two anterograde pools
of dynein to the retrograde motor pool can be ob-
tained by assuming that all of the anterograde dynein
in both transport components is recruited to become
the retrograde motor that moves at V100 mm/day.
Dynein in anterograde fast component (motor FC) is
transported at V200 mm/day into the axon and
when it is returning from the axon it is moving at
V100 mm/day. Therefore it (motor FC) spends
around one third (33%) of its time in being moved
in the anterograde direction and two thirds (67%) of
its time as a retrograde motor. Dynein in slow com-
ponent b (motor SCB) is transported in the anterog-
rade direction at V1 mm/day and moves in the ret-
rograde direction at 100 mm/day. It (motor SCB)
therefore spends 99% of its time being moved in
the anterograde direction and 1% as a retrograde
motor.
Anterograde fast component dynein (motor FC) is
10% of the total dynein population in the axon and
67% of it is moving in the retrograde direction at any
time. Therefore, 6.7% of the total dynein in the axon
is dynein from the anterograde fast component (mo-
tor FC) that is providing retrograde motor activity.
Similarly, slow component b dynein (motor SCB) is
90% of the total dynein population and 1% of it is
moving as the retrograde motor at any time. There-
fore 0.9% of the total dynein in the axon is slow
component b derived dynein (motor SCB) that is
providing retrograde motor activity, and 7.6% of
the dynein in the axon is functioning as the retro-
grade motor. Dynein moved in anterograde fast
component therefore accounts for 88% (6.7/7.6) of
the retrograde motor activity, while dynein from
slow component b accounts for 12% (0.9/7.6) of ret-
rograde activity. Thus the dynein in fast component
(with IC74-2C) will be the major retrograde motor, if
it is assumed that all of the dynein transported in the
anterograde direction is recruited for retrograde
transport.
The potential recruitment of dynein from two dif-
ferent pools to become the retrograde motor suggests
Fig. 5. Axonal transport of cytoplasmic dynein. (Left) Anterograde axonal transport. Top ¢gure: dynein is associated with membra-
nous organelles moved along microtubules by kinesin in fast anterograde axonal transport. Bottom ¢gure: dynein is associated with
the actin transport component, slow component b. (Right) Retrograde axonal transport. Dynein moves membranous organelles in the
retrograde direction, towards microtubule minus-ends. To serve as the retrograde motor, cytoplasmic dynein must be recruited from
one (or both) of the two pools of dynein transported in the anterograde direction.
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there are di¡erent regulatory mechanisms for dynein.
Since the dynein moved in anterograde fast compo-
nent is already associated with membranous organ-
elles, its regulation might be similar to that utilized
by cultured cells. There are several examples where
dynein and kinesin are found on the same mem-
brane-bound organelles [60^65]. It is postulated
that during transport of these organelles toward the
plus-ends of microtubules, the anterograde direction,
the kinesin motor would be active and the dynein
motor turned o¡. For retrograde transport, the kine-
sin would be turned o¡ (or removed) and the dynein
turned on. Dynein which is already associated with
membrane may need only to bind a microtubule and
activate its motor to move cargo along the micro-
tubule. Perhaps this dynein is delivered to the axon
tip in fast component so it will be readily available to
deliver cargo back to the cell body.
In contrast, the dynein transported with the actin
cytoskeleton is not in contact with membrane-bound
organelles. Therefore, for slow component b dynein
to become the motor for retrograde membranous
organelle transport, it must dissociate from the actin
transport component and then associate with an or-
ganelle. This adds additional steps to the regulation
of these cytoplasmic dynein complexes. If, as sug-
gested by the above estimate, dynein transported in
slow component b will contribute only 10% of the
retrograde motor, this dynein may not function as a
general cargo motor. Instead, slow component b dy-
nein may move a speci¢c type of organelle. It will
therefore be important to determine if the slow com-
ponent b dynein, associates with and transports
membrane-bound organelles in the retrograde direc-
tion in axons. This also suggests the possibility that
slow component b dynein has a function not related
to retrograde cargo transport.
8. An alternative function for slow component b
dynein: microtubule transport
Cytoplasmic dynein has been implicated in a num-
ber of functions besides membranous organelle trans-
port, including microtubule movement in cultured
cells and axons [18,19,21,66]. The analysis of ante-
rograde dynein transport in the axon suggested a
potential mechanism for intracellular microtubule
transport [20]. The dynein from slow component b
was able to bind microtubules and release from the
microtubules in the presence of ATP in vitro. This
raised the possibility that slow component b dynein
Fig. 6. Model for dynein-mediated movement of microtubules in the axon. The dynein complex is embedded in an actin and spectrin
matrix via dynactin. Dynein is bound to dynactin through the dynein intermediate chains. Dynein binds to microtubules (left panel)
and translocates the microtubules (right panel) down the axon with the microtubule plus-end pointed toward the axon terminal.
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has motor activity. In order to move a microtubule,
dynein must be anchored relative to the microtubule.
If dynein is embedded in the actin cytoskeleton via
the binding of its intermediate chains to dynactin,
this leaves the microtubule-binding dynein heavy
chains extending freely into the cytoplasm (Fig. 6).
The heavy chains are thus able to bind to a micro-
tubule. Since dynein is a minus-end directed micro-
tubule motor, it will try to move back to the cell
body along the microtubule. However, the actin cy-
toskeleton in which cytoplasmic dynein is embedded
would prevent its movement. Instead dynein moves
the microtubule towards the axon tip, with the mi-
crotubule plus-ends leading. This is consistent with
the polarity of microtubules observed in the axon,
and it is known that the £agellar forms of dynein
generate microtubule sliding forces [9,67,68]. Analy-
sis of the axonal transport of dynein therefore sup-
ports the hypothesis that cytoplasmic dynein is the
motor for the microtubule transport in slow compo-
nent a.
The hypothesis that actin-based dynein generating
microtubule movement is consistent with evidence
that microtubule-based motor moves cargoes other
than membranous organelles. Members of the kine-
sin family bind to kinetochores, microtubules, and
chromatin in addition to membrane-bound organ-
elles [6]. Similarly, the £agellar forms of dynein
bind microtubules as cargo. Cytoplasmic dynein
has been localized to kinetochores, centrosomes,
and viruses, as well as membrane-bound organelles
[2,15^19,70]. Cortical dynein at the tips of fungal
hypha are thought to be important for nuclear move-
ment in Aspergillus [69]. Perhaps the intermediate
chain polypeptides found in slow component b, are
more likely to become associated with components of
the actin cytoskeleton than the IC74-2C intermediate
chain which associates with membranous organelles.
It has been shown that there are di¡erent isoforms of
the dynactin subunit p150Glued in fast component and
slow component b [36]. Perhaps speci¢c p150Glued
isoforms bind to speci¢c dynein intermediate chain
polypeptides.
9. Summary
Cytoplasmic dynein has several roles in cells, in-
cluding organelle transport, spindle assembly, and
the positioning of Golgi and lysosomes. Very little
is known about how it is regulated and the mecha-
nism of its association with cargo. Dynein is com-
posed of several subunits; the heavy chains contain
the motor domain, while the intermediate chain and
other smaller subunits are thought to make up the
base of the molecule which binds cargo. Recent in-
vestigations have established that the intermediate
chains, light intermediate chains and light chains
are encoded by multiple genes. In addition, the two
intermediate chain genes encode for at least ¢ve al-
ternatively spliced mRNAs. The presence of multiple
isoforms of several subunits means that there are
several di¡erent populations of cytoplasmic dynein
molecules. Although the functional signi¢cance of
this variability for dynein motor activity and regula-
tion is unknown, there is a correlation between the
dynein intermediate chain and light intermediate
chain isoforms and the mechanism used for anterog-
rade axonal dynein transport. We have identi¢ed two
di¡erent pools of dynein moving in anterograde axo-
nal transport, one being in fast component and the
other in slow component b. The two pools can be
distinguished by their intermediate chain subunits.
Dynein in anterograde fast component contains the
ubiquitous intermediate chain, IC74-2C. Some cell
types contain only this intermediate chain, therefore
dynein with this form of intermediate chain is able to
perform all of the constitutive dynein functions re-
quired for cell homeostasis. The intermediate chain
subunits found in dynein from slow component b are
those that have more limited expression. In rat brain
they are developmentally regulated and appear prior
to axon extension. The existence of two di¡erent
pools of anterograde cytoplasmic dynein has impor-
tant implications for dynein regulation and function
during axonal transport.
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